Introduction {#sec1-1}
============

Ischemia/reperfusion (I/R) injury can result in nerve cell apoptosis (Coselli et al., 2002; Safi et al., 2003; Yang et al., 2012). However, the precise mechanism of such apoptosis is not fully understood. Several reports have suggested that stress-responsive mitogen-activated protein kinase pathways might play a protective role in ischemic spinal cord injury (Chang and Karin, 2001; Badrian et al., 2006). There are three major forms of kinase: extracellular signal-regulated kinases (ERKs) and c-Jun N-terminal kinases (JNKs), and serine-threonine kinase (Akt). Activation of ERK by I/R injury is believed to confer a survival advantage to neurons (Shackelford and Yeh, 2003; Kilic et al., 2005). Activation of JNK is associated with neuronal death (Willaime-Morawek et al., 2003). JNK is active in the normal spinal cord, and its activity is reduced by ischemia; however, levels of JNK after reperfusion depend on the duration of ischemia (Shackelford and Yeh, 2001). Akt mediates growth factor-induced neuronal survival (Crowder and Freeman, 1998) and its activation in the early stages of reperfusion may be one of the factors responsible for the delay in neuronal death after spinal cord ischemia (Sakurai et al., 2001). Furthermore, the spatiotemporal expression of Akt, JNK, and ERK protein kinases has been described after ischemic brain injury (Kitagawa et al., 1999), but their expression has not been examined in ischemic spinal cord. Therefore, it is possible that Akt, JNK and ERK exert beneficial or harmful effects *via* phosphorylated Akt (p-Akt), JNK and ERK affecting the induction of apoptosis, with the existence of different expression time windows. This study examined the spatiotemporal expression of phosphorylated Akt, JNK and ERK after permanent aortic occlusion in rats.

Materials and Methods {#sec1-2}
=====================

Ethics statement {#sec2-1}
----------------

Rats received humane care in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication No. 85-23, revised 1996). All procedures were approved by the Institutional Animal Care and Use Committee of the Capital Medical University, Beijing, China. Precautions were taken to minimize suffering and the number of animals used in each experiment.

Animals {#sec2-2}
-------

Ninety clean male Sprague-Dawley rats aged 13 weeks and weighing 280--350 g (310 ± 20 g) were provided by the Experimental Animal Center of Beijing Institute of Heart, Lung and Blood Vessel Diseases in China (license No. SYXK (Jing) 2005-0026). All rats were neurologically intact prior to anesthesia and surgery. Rats were randomly divided into sham group (*n* = 10) and I/R group (*n* = 80).

Establishment of ischemic spinal cord injury models {#sec2-3}
---------------------------------------------------

Rats were anesthetized with an intraperitoneal injection of 3% (w/v) sodium pentobarbital (30--50 mg/kg). After endotracheal intubation, an Inspira Advanced Safety Ventilator (Harvard Apparatus, Holliston, MA, USA) was connected. The tidal volume was set at 15 mL/kg, and the respiratory frequency was 80--100 breaths/min with an inspiratory to expiratory ratio of 1:1. The rectal temperature was monitored, and body temperature was maintained at 36.5--37.5°C with an infrared heat lamp and a heating pad. The left carotid artery was cannulated with a 20 gauge catheter (B. Braun Medical Inc., Bethlehem, PA, USA) to measure the mean proximal aortic pressure, which was maintained at 65 ± 3 mmHg throughout the procedure. A 24-gauge catheter was inserted into the tail artery to monitor the mean distal arterial pressure. The carotid artery cannula was connected to a heated (37.5°C) blood collection circuit that was primed with heparinized normal saline at 4 U/mL. The mean proximal aortic pressure, mean distal arterial pressure, and temperature were recorded using a Powerlab/8SP Polygraph (AD Instruments, Sydney, Australia). Spinal cord ischemia was induced by inserting a 2F Fogarty balloon catheter (Edwards Life Sciences, Irvine, CA, USA) *via* the left femoral artery into the descending thoracic aorta, 10 cm from the femoral arteriotomy, so that the tip of the catheter balloon lay 3--4 mm caudal to the left subclavian artery (Yang et al., 2012). All rats received 200 U of heparin sodium through the carotid artery cannula. The aortic occlusion was confirmed by an immediate and sustained loss of detectable pulse pressure and a decrease in mean distal arterial pressure. At the end of the 25-minute ischemic period the balloon was deflated, animals received 200 U of protamine sulfate, catheters were removed and spinal cord blood flow was restored. The surgical incisions were closed and the rats were returned to their cages to recover. Rats in the sham group underwent the same surgical procedure as those in the I/R group but without aortic catheter occlusion and were euthanized with an intraperitoneal injection of sodium pentobarbital 25 minutes after surgery for subsequent histological examination.

The I/R rats were divided into eight groups according to time points after I/R: 0, 1, 2, 4, 12, 24, 48 and 72 hours (*n* = 10 per group). At 0, 1, 2, 4, 12, 24, 48 and 72 hours after reperfusion, the rats were euthanized for histological examination. Rats in the 4-, 12-, 24-, 48- and 72-hour groups also underwent neurological assessment prior to euthanasia.

Assessment of neurological function {#sec2-4}
-----------------------------------

Hindlimb function was scored using the Basso, Beattie, and Bresnahan open-field locomotor scale (Basso et al., 1995). Scores ranged from 0 (no detectable hindlimb movement) to 21 (normal hindlimb locomotion).

Sample preparation {#sec2-5}
------------------

Rats were euthanized with an intraperitoneal injection of sodium pentobarbital (30--50 mg/kg). Lumbar (L~3--5~) spinal cord segments were dissected and post-fixed in 4% (w/v) paraformaldehyde for 2--4 days. The cord was embedded in paraffin, and serial sections (5 µm thick) were cut for Nissl staining and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) to detect cellular apoptosis.

Nissl staining {#sec2-6}
--------------

After dewaxing and rehydration, spinal cord sections were immersed in 0.5% (w/v) cresyl violet. Neurons containing Nissl substance in the cytoplasm, loose chromatin, and prominent nucleoli were considered normal neurons. Damaged neurons were identified as cells with reduced cytoplasmic Nissl substance, cavitations around the nucleus, and pyknotic homogenous nuclei. A pathologist who was unaware of the study groups and the neurological outcomes examined each spinal cord section and counted the total number of normal motor neurons in half the gray matter of each section. The number of normal motor neurons in each animal was obtained by averaging counts from three different Nissl-stained slides. A pathologist unaware of the neurological outcomes examined the tissue and counted the total number of normal motor neurons in the gray matter of each section.

TUNEL staining {#sec2-7}
--------------

To detect DNA fragmentation in cell nuclei, TUNEL assay was performed using an apoptosis kit (Roche Diagnostics, Mannheim, Germany) in accordance with the manufacturer\'s instructions. To determine the number of motor neurons undergoing apoptosis, two independent and blinded pathologists counted the numbers of positive or negative motor neurons in TUNEL-stained sections using a fluorescence microscope (ECLIPSE90i, Nikon, Tokyo, Japan). For each slide, color images of 10 separate fields were captured randomly and digitized in half the gray matter of each section. Cells with clear nuclear labeling were defined as TUNEL-positive cells and the number of TUNEL-positive cells in the gray matter of each section was counted.

Western blot assay {#sec2-8}
------------------

The homogenates of spinal cord were used for western blot assay. Forty micrograms of protein per animal was resolved on a 10% sodium dodecyl sulfate polyacrylamide gel and transferred onto polyvinylidene difluoride membranes. The samples were electrophoresed in a 10% polyacrylamide gel. Protein samples were boiled in 2.5% sodium dodecyl sulfate and 5% β-mercaptoethanol. A total of 20 µg protein samples and markers (MagicMark XP Western Standard; Invitrogen, Carlsbad, CA, USA) of each group were electrophoresed at 20 mA for 90 minutes. Electrophoresis buffer was prepared by 25 mM tris(hydroxymethyl)aminomethane, 250 mM glycine and 0.1% sodium dodecyl sulfate. Proteins were transferred onto polyvinylidene fluoride membrane (LC2002; Invitrogen) using transmembrane buffer and 10% methanol. The membrane was incubated with rabbit anti-p-ERK, p-Akt, p-JNK and GAPDH polyclonal antibodies (1:1,000; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) at room temperature for 1 hour, washed with PBS, and then incubated with horseradish peroxidase-labeled goat anti-rabbit IgG (1:1,000; Beijing Biosynthesis Biotechnology Co., Ltd.) at room temperature for 90 minutes. The samples were visualized with ECL Plus Kit (Amersham Bio-sciences, Piscataway, NJ, USA). Optical density values were analyzed using NIH ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis {#sec2-9}
--------------------

Statistical analysis was conducted using SPSS for Windows 17.0 (SPSS Inc., Chicago, IL, USA). All results are presented as the mean ± SD. All data were compared using one-way analysis of variance, and correlations were explored using the Pearson linear correlation analysis. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Change in hindlimb function in rat models of ischemic spinal cord injury {#sec2-10}
------------------------------------------------------------------------

In all rats, heart rate, blood pressure, and body temperature were stable and did not differ between groups before, during, or after surgery. Sham-operated rats did not show any neurological impairment. However, in the I/R groups all rats exhibited notable hindlimb dysfunction, which persisted for 72 hours after reperfusion ([**Figure 1**](#F1){ref-type="fig"}).

![BBB open-field locomotor scale in rats with ischemic spinal cord injury.\
Data are expressed as the mean ± SD, with 10 rats in each group at each time point. One-way analysis of variance was used. \*\**P* \< 0.01, *vs*. sham group. BBB: Basso, Beattie, and Bresnahan; I/R: ischemia/reperfusion; h: hours.](NRR-10-1830-g001){#F1}

Neuronal damage in the spinal cord of rats with ischemic spinal cord injury {#sec2-11}
---------------------------------------------------------------------------

Histological examination by Nissl staining of the spinal cord from the sham group at 25 minutes after surgery revealed that spinal cord tissue was well maintained and that neurons were morphologically normal with clear karyosomes and a uniformly stained cytoplasm. Compared with the sham group, there were fewer morphologically normal neurons in the I/R groups, and cells appeared swollen with a darkly stained and shrunken cytoplasm. Pyknosis and vacuolation were also observed in the I/R groups. The lowest number of morphologically normal neurons was observed at 48 hours after reperfusion ([**Figure 2**](#F2){ref-type="fig"}).

![Histological changes in the spinal cord of rats with ischemic spinal cord injury.\
(A) Nissl staining of spinal cord tissue sections from rats in the S and I/R groups at different time points after reperfusion (0--72 hours) (× 400). Arrows show normal neuronal cells. (B) Number of normal neurons in the anterior horn of the spinal cord. Data are expressed as the mean ± SD of 10 rats in each group at each time point. All data were compared using one-way analysis of variance. \**P* \< 0.05, *vs*. S group; \#*P* \< 0.05, *vs*. I/R groups at all other time points. S: Sham; I/R: ischemia/reperfusion; h: hour(s).](NRR-10-1830-g002){#F2}

Apoptosis in the spinal cord of rats with ischemic spinal cord injury {#sec2-12}
---------------------------------------------------------------------

TUNEL-positive cells appeared brown and were mainly distributed in the anterior horn and central canal of the spinal cord. Very few TUNEL-positive cells were observed in sham-operated rats. In the I/R groups, significantly more apoptotic neurons were noted at all time points after reperfusion. The highest number of apoptotic neurons was observed at 48 hours after reperfusion (*P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![Apoptosis in the spinal cord of rats with ischemic spinal cord injury.\
(A) TUNEL staining of spinal cord from rats in the S and I/R groups at different time points after reperfusion (0--72 hours) (× 400). Positive reaction of TUNEL staining shows a brown color. (B) Number of apoptotic cells at different time points after reperfusion. Data are expressed as the mean ± SD of 10 rats in each group at each time point. One-way analysis of variance was used. \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. I/R at all other time points. TUNEL: Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; I/R: ischemia/reperfusion; S: sham; h: hour(s).](NRR-10-1830-g003){#F3}

Akt, ERK and JNK phosphorylation in the spinal cord of rats with ischemic spinal cord injury {#sec2-13}
--------------------------------------------------------------------------------------------

Western blot assay revealed that in sham-operated rats, p-Akt (serine-473) and p-ERK were constitutively expressed in motor neurons. In the I/R group, p-Akt and p-ERK expression levels peaked at 4 hours and 2 hours after reperfusion, respectively. p-Akt and p-ERK expression then decreased at 12 hours after reperfusion, finally returning to an elevated level at 24 hours after reperfusion, which was sustained until the end of the observation period. Significant differences in p-Akt and p-ERK expression were observed between the sham and I/R groups at all time points after reperfusion (*P* \< 0.05). Furthermore, Akt expression at 4 hours and 12 hours was significantly different from the other time points in the I/R groups (*P* \< 0.05). p-JNK expression after I/R injury was lower than that in sham-operated animals immediately after reperfusion (*P* \< 0.05), but approached sham levels at 12 hours (*P* \< 0.05, vs. all other time points). However, from 24 hours, expression returned to below sham levels until the end of the observation period (*P* \< 0.05, *vs*. all other time points) ([**Figure 4**](#F4){ref-type="fig"}).

![p-Akt (A), p-ERK (B) and p-JNK (C) protein expression in S and I/R groups at different time points after reperfusion (0--72 hours).\
Data are expressed as the mean ± SD, with 10 rats in each group at each time point. The data were compared using oneway analysis of variance. \**P* \< 0.05, *vs*. S group; \#*P* \< 0.05, *vs*. I/R groups at all other time points. p: Phosphorylated; Akt: serine-threonine kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase; S: sham; I/R: ischemia/reperfusion; h: hour(s).](NRR-10-1830-g004){#F4}

Relationship between cell apoptosis and Akt, ERK and JNK phosphorylation in the spinal cord of rats with ischemic spinal cord injury {#sec2-14}
------------------------------------------------------------------------------------------------------------------------------------

The result of Pearson linear correlation analysis showed that apoptosis negatively correlated with p-Akt expression (*r* = −0.352, *P* \< 0.05); p-ERK and p-JNK expression did not show any correlation with apoptosis (*r* = −0.24, *P* = 0.056; *r* = 0.09, *P* = 0.47; [**Figure 5**](#F5){ref-type="fig"}).

![Correlation between apoptosis and p-Akt, p-ERK or p-JNK expression.\
Pearson linear correlation analysis shows that apoptosis is negatively correlated with p-Akt expression (*r* = −0.352, *P* \< 0.05); p-ERK and p-JNK expression showed no correlation with apoptosis (*r* = −0.24, *P* = 0.056; *r* = 0.09, *P* = 0.47). p: Phosphorylated; Akt: serine-threonine kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase.](NRR-10-1830-g005){#F5}

Discussion {#sec1-4}
==========

ERKs, JNKs and Akt are all crucial to the survival and apoptosis of neuronal cells in the spinal cord (Maulik et al., 2008). Recently, it has been demonstrated that Akt mediates growth factor-induced neuronal survival (Yamauchi et al., 2006). JNK, a subfamily of mitogen-activated protein kinases, was considered a degenerative signal in the nervous system. In this study, our principal findings using this acute spinal cord injury rat model are: (1) levels of p-Akt and p-ERK increase at the beginning of reperfusion and then start to decrease after 12 hours with the respective peak of p-Akt and p-ERK expression being 4 hours and 2 hours after reperfusion; (2) p-JNK expression is lowest immediately after reperfusion but then increases and peaks at 12 hours; and (3) p-Akt expression correlates negatively with the number of apoptotic neurons in the first 72 hours of reperfusion. This confirms that the spinal cord injury was responsible for the high expression of ERK, Akt and JNK.

Akt mediates growth factor-induced neuronal survival (Crowder and Freeman, 1998), and a transient increase in p-Akt is observed in some models of cerebral ischemia (Noshita et al., 2001; Yano et al., 2001), similar to the increased neuronal expression of p-Akt observed in the present study after spinal cord ischemia. Yu et al. (2005) showed that p-Akt expression influences the number of motor neurons that survive at 1 day after spinal cord injury, and that inhibition of phosphatidylinositol 3-kinase reduces the expression of p-Akt. Here we have demonstrated that p-Akt expression in motor neurons increases in the first 12 hours after reperfusion, but decreases thereafter. Furthermore, neuronal apoptosis correlates negatively with Akt activation. The optimal time window for this approach was within 12 hours of reperfusion. As a result, the optimal time window for inhibiting apoptosis was within 12 hours of reperfusion.

While different models of cerebral or spinal cord ischemia have consistently implicated p-Akt as a mediator of neuroprotection, conflicting results have been obtained with p-ERK. In animal models of brain injury caused by ischemia or trauma, elevated p-ERK expression is involved in neuronal death; for example, ERK1/2 is activated upon deprivation of growth factors in neurons and renal epithelial cells, but inhibition of the ERK pathway blocks apoptosis (Zhuang and Schnellmann, 2006). In other studies, ERK was also shown to be involved in neuroprotective effects of pre- and post-conditioning in rat hippocampus and spinal cord (Choi et al., 2006; Jiang et al., 2009). Choi et al. (2006) demonstrated that ERK1/2 activation shows characteristic time- and cell-dependent patterns in a rat model of ischemic tolerance induction; basal levels of ERK1/2 phosphorylation were observed in CA1 neurons after 30 minutes of reperfusion, then in the CA3 and granule cells by 1 hour, and finally in dentate hilar neurons at 12 hours. By contrast, phosphorylation of ERK1/2 in mossy fibers and the CA1 dendritic field was sustained for at least 3 days. In the present study, ERK activation was suggestive of a negative correlation with apoptosis. Therefore, upregulation of p-ERK expression in the spinal cord may be required for sustained spinal cord protection.

Activation of JNK has been associated with induction of apoptosis, protection from cell death, proliferation, or differentiation in response to extracellular signals in various cell types (Minden and Karin, 1997; Ip and Davis, 1998; Leppä and Bohmann, 1999; Mielke and Herdegen, 2000). Leppä and Bohmann (1999) suggested that p-JNK might trigger the induction of the apoptotic effector p53. Activation of JNK was also implicated in neuronal cell death (Xia et al., 1995; Maroney et al., 1999). Xia et al. (1995) demonstrated that activation of JNK and concurrent inhibition of ERK are critical for the induction of apoptosis in neuronal cells, and considered that the dynamic balance between ERK and JNK-p38 pathways may be important in determining whether a cell survives or undergoes apoptosis. The findings from the sham group in our study show that JNK has a high basal activity in the spinal cord, supporting a previous report (Coffey et al., 2000); however, after 25 minutes of ischemia, activity of JNK was significantly lower than that in sham-operated animals at the start of reperfusion. However, JNK activity increased to sham levels by 12 hours, indicating that ischemia caused a decrease in JNK activity in this model. No evidence of a correlation between JNK activity and apoptosis was observed in this part of the spinal cord. Therefore, it is unlikely that inhibition of JNK will be neuroprotective in rat models of ischemic spinal cord injury.

In summary, Akt activation in spinal cord neurons correlates with local apoptosis in the first 72 hours of reperfusion after ischemia. The activation of Akt during the first 12 hours may be one of the factors responsible for the delay in neuronal apoptosis after spinal cord ischemia. Activated Akt is a strong candidate for use as a therapeutic agent in the treatment of ischemic spinal cord injury in the near future.
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